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Abstract 

The demand for air conditioning is estimated to increase rapidly due to rising world 

population and the effects of climate change. It is expected that the use of air conditioners will 

increase by a factor of five by 2050, which stresses the need for more environmentally friendly 

and energy-efficient systems. In many locations, dehumidification is an important aspect of air 

conditioning, increasing energy consumption.  An alternative to conventional vapour-compression 

cooling systems are systems where the outdoor-air is dehumidified by a liquid desiccant solution.  

Typical liquid desiccant dehumidifiers (LDD) pass building-air over a concentrated liquid 

desiccant solution that absorbs moisture from the air stream, decreasing the solution concentration. 

The solution is subsequently heated to drive off the moisture allowing it to be regenerated. The 

design of an efficient and compact dehumidifier section is crucial. To achieve this goal, a thorough 

understanding of the heat and mass transfer processes is required. 

Therefore, this thesis presents an analysis of the heat and mass transfer in an idealized 

section of a LDD.  This was accomplished by modelling the flow of water and air in an adiabatic, 

vertical, parallel-plate channel. The effects of the inlet mass flow rate and temperature were 

investigated. The results show that the water temperature and inlet flow rate have a significant 

effect on the condensation processes. The inlet air flow rate was found to have the least impact on 

the performance. 

Three cases were studied for a water/lithium-chloride liquid desiccant dehumidifier, i.e.  

internally cooled parallel-flow and counter-flow, and adiabatic counter-flow. A parametric study 

indicated the best performance for the internally cooled (isothermal) case, however, for long 

channels, a uniform heat flux boundary condition should be better. 
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c   Mass fraction of water in solution (kg.kg-1) 
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p   Local pressure (Pa) 
pop   Operating pressure (101325 Pa) 
q̇   Heat transfer per unit area (W.m-2) 
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R   Universal gas constant (J.mol-1. K-1) 
Re   Reynolds number 
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subscripts 
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I   Interface 
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wv   Water vapour 
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Chapter 1 

Introduction 

1.1 Introduction 

An air conditioner is a machine that removes the heat and humidity from the outdoor air in 

order to provide a desirable indoor environment. Indoor air quality (IAQ) is the air quality of 

indoor and around a building, which is relative to the occupants comfort zone [1].  A thermal 

comfort zone established by ASHRAE Standard 55 [2] to achieve a desirable indoor environment 

for human occupancy of a building. The thermal comfort zone takes into consideration the 

ventilation system of the building, the number of people in the building, the source of electricity, 

and the health of the occupants. Therefore, the thermal comfort zone is not the same for the two 

buildings in the same area. Indoor air quality is vital for human occupancy, and the appropriate air 

should be provided for the occupants of a building throughout the day. 

The demand for air conditioning increases rapidly because of the increase in the world 

population and climate change effects.  In most cities around the world, the peak of electricity use 

has moved from winter to summer months. In the meantime, the standards of air conditioning 

equipment and requirements for air quality have gone under several changes over the past 50 years.  

Different types of air conditioners have been introduced over the years. Air conditioners 

are categorized based on the method of cold generation. Examples include refrigeration cycles, 

evaporation, and open absorbers. Most of the conventional air conditioners utilize refrigeration 

cycles as the cooling process. The refrigerant, which is usually a chlorofluorocarbon (CFC) or a 

hydrochlorofluorocarbon (HCFC), is condensed at a high-pressure rejecting heat to the 
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environment and vaporized at low pressure by removing heat from the air to be cooled. The 

mechanical vapour-compression and humidity control in conventional air conditioners require a 

considerable amount of electrical energy, while the use of CFC and HCFC based refrigerants 

constitutes a threat to the environment. Besides, the overcooling process offers a suitable condition 

for the growth of mould and bacteria [3].  

Currently, air conditioners represent 10% of all global electricity consumption. It is also 

estimated that greenhouse gases from air conditioners are three times higher than in 1990 [4]. 

Considering that the use of air conditioners will increase by a factor of five by 2050 and that the 

energy consumption by air conditioners is expected to be three times larger by 2050, there is a 

clear need for more environmentally-friendly and energy-efficient air conditioners [5]. 

An alternative to the conventional vapour-compression cooling system is the desiccant 

cooling system in which the outdoor air is cooled and dehumidified by a rotary desiccant wheel or 

a liquid desiccant material using low-grade energy. As a result, a renewable energy source such as 

waste heat or solar energy can be used, making the desiccant system save about 40% of energy in 

comparison with a conventional vapour-compression system [6]. The main problem of the 

desiccant system in comparison with conventional air conditioners is the carryover of solution into 

the indoor environment, which causes the equipment to corrode [7]. Desiccant cooling systems 

come in two variants: liquid desiccant systems (LDS) and solid desiccant systems (SDS).  

 

1.2 The Liquid Desiccant System 

Most conventional cooling systems follow a general path to get the desired temperature 

and humidity, which is to cool the air to its dew point in order to reach the required humidity level 



3 

 

and reheat it to reach the desired indoor air temperature. Hence, a considerable amount of energy 

is required to provide the desired indoor air quality. The liquid desiccant system eliminates the 

humidity, latent and sensible heat from the air by a liquid desiccant material, for example the 

lithium chloride (LiCl) solution, which includes an dehumidifier for latent heat, a regenerator for 

recovery of the solution and a series of heat exchangers and evaporative coolers to control sensible 

heat (Figure 1-1). Thus, a significant amount of energy is stored.  

 

 

 

 

The outdoor air enters the dehumidifier, which is in contact with a liquid desiccant solution. 

The water vapour mass fraction is low at the interface. Therefore, water vapour diffuses through 

Figure 1-1. The schematic of a liquid desiccant dehumidifier 
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the air domain and transfers into the solution. Two procedures could be applied to reach the desired 

air temperature: use of a secondary flow as the heat sink or an evaporative cooler. The liquid 

desiccant solution concentration decreases in the process. In the end, the solution is collected and 

moved to another chamber called the regenerator to be exposed to exhaust air. Water evaporates 

into the exhaust air, and the concentration of the solution increases, allowing the solution to be 

useable again.  

Herold et al. [8] proposed a thermodynamic analysis of an open absorption system where 

the atmospheric air is in direct contact with a solution. The liquid desiccant system is a specific 

type of open absorption system. 

Dehumidifiers and regenerators are available in different configurations, including packed 

beds, falling films, cooling coils, sprays, etc. Long et al. [9] tested a packed bed dehumidification 

system with a random packing. A numerical analysis was carried out to predict the heat and mass 

transfer rates.  

Elsarrag et al. [10] developed a new packed bed dehumidifier and obtained a high 

coefficient of performance with triethylene glycol as the liquid desiccant solution. They introduced 

two new mass transfer correlations for this type of liquid desiccant system.  

An experimental study for three different types of packed-bed liquid desiccant air 

conditioners was conducted by Abdel-Wahab et al. [11]. The main objective of the study was to 

analyze different parameters such as the inlet mass flow rates of the air and liquid solution and the 

inlet temperatures of the air and liquid solution on the performance of the dehumidification 

process.  
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1.3 Liquid Desiccant Dehumidifier 

Dehumidifying air and reducing its temperature with a small pressure drop is the goal of a 

dehumidifier. On the other hand, the solution side should have small resistance to diffuse the 

moisture and no carryover to avoid corrosion during the process [12].   

Two types of liquid desiccant dehumidifiers are available: 

• Adiabatic dehumidifiers: The air and liquid are in direct contact. The desiccant temperature 

increases quickly due to the heat transfer between air and desiccant; consequently, the 

performance of dehumidifier decreases significantly, especially for a small mass flow rate of 

solution. 

• Internally cooled dehumidifiers: A liquid such as water is used as the heat sink to remove the 

latent heat from the liquid desiccant solution and to cool the air stream in order to improve the 

performance of the system [13]. 

 

1.3.1 Adiabatic Dehumidifier 

Fumo et al. [14] developed a polypropylene packed bed dehumidifier model with a LiCl 

solution and validated their model with experimental results from the literature. It was seen that 

the solution was distributed non-uniformly on the packed bed. 

Enteria et al. [15] studied an adiabatic dehumidifier and investigated different cooling 

conditions, concluding that the performance depended on the climatic conditions.  

Liu et al. [16] performed an experimental study on the effects of different inlet conditions 

such as flow rates, temperature and humidity on the performance of dehumidification in a 
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structured packed bed with a LiCl solution in crossflow. Liu et al. [17, 18] proposed a numerical 

model of the same liquid desiccant dehumidifier and satisfactorily compared their results against 

the experimental results of Liu et al.  [16].  

Babakhani [19] showed that the adiabatic dehumidifier had a better performance when a 

Lewis number of 1.1 was applied.  

Diaz [20] studied the effects of unsteadiness on the heat and mass transfer phenomena in a 

falling film adiabatic dehumidifier.  

Seenivasan et al. [21] proposed optimum values for different parameters (inlet velocity of 

air and solution, temperature, the concentration of solution) to reach the best performance of an 

adiabatic liquid desiccant system with CaCl2. 

An experimental study on an adiabatic dehumidifier and regenerator was carried out by 

Kumar [22]. The model included a drop filter to prevent carryover phenomena. While this model 

decreased the amount of desiccant carryover, the pressure drop increased.  

O'Brien and Satcunanathan [38] proposed the new adiabatic liquid desiccant system 

illustrated in Figure 1-2, in which the dehumidification and regeneration co-occur. Two passages, 

a dehumidifier and a regenerator, connect two chambers filled with a solution. 
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Figure 1-2. Schematic of the system studied by O'Brien and Satcunanathan (a) Overall view (b) 
Cross-sectional view; (c) Side view [23] 

 
 

1.3.2 Internally Cooled Dehumidifier 

Internally cooled dehumidifiers operate in two ways. Usually, the air is dehumidified and 

cooled simultaneously by the liquid desiccant solution. The temperature of the solution depends 

on the air temperature and the temperature (or boundary conditions) at the walls of the 

dehumidifier. Figure 1-3 shows an example of a single channel, internally cooled, falling film 

liquid desiccant dehumidifier. 

(a) 

(b) 

(c) 
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A comparative study between an internally cooled dehumidifier and an adiabatic 

dehumidifier was carried out by Gao et al. [24], showing that the former had a better performance, 

especially at higher temperatures. Scalabrine and Scaltriti [25] proposed a model of an internally 

cooled dehumidifier and showed that a higher rate of mass transfer rate could be obtained with a 

lower temperature desiccant solution due to its low vapour pressure. Gommed [26] studied an 

internally cooled, packed-bed, LiCl dehumidifier, alternatively fitted with polypropylene tubes, or 

cooper tubes. The results showed that the copper tubes corroded, but with the polypropylene tubes 

the surfaces were poorly wetted.  

 

 
Figure 1-3. Internally cooled, falling film, liquid desiccant dehumidifier 

 

An alternative design is shown below in Figure 1-4 [27], consiting of parallel air-channels 

separated by internally-cooled,  parallel-plates. 
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Khan [28] proposed a dehumidifier in which a cooling coil was used instead of flat plates 

for the interface. In this study, the effects of different parameters on the performance of the 

dehumidifier, including mass flow rate, temperature and solution concentration, were investigated.  

The finned tube was used on the cooling coil to increase the interface area.  It was also found that 

the distance between tubes had a significant impact on the heat and mass transfer. 

Saman and Alizadeh [29, 30] proposed a new dehumidifier based using a cross-flow direct 

evaporative cooling unit, in which water was sprayed into the air to control its temperature. The 

liquid film thickness was calculated using the Nusselt theory for laminar flow. The effectiveness 

(defined as the measured air enthalpy change divided by the maximum theoretical enthalpy change 

limit) of the system reached 0.75 for an airflow rate of 0.3 kg/s.  

Mesquita et al. [31] used three different approaches for their study of an internally cooled 

liquid desiccant dehumidifier. First, a finite difference method was used assuming a constant 

falling-film thickness, while the second approach solved the energy and species conservation 

Figure 1-4. Spaced parallel air-channel dehumidifier with internally 
cooled walls [27]. 
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equations for a variable liquid film thickness. Finally, the liquid desiccant and airstream were 

represented by one single node and the temperature of the solution was considered uniform and 

equal to wall temperature to simplify the model.  In the previous study by Queiroz et al. [32], 

Merkel's integral approach was used for calculating the performance of an internally-cooled 

dehumidifier. In this case, the liquid desiccant solution used was triethylene glycol. 

Khan and Martinez [33] also studied the effect of different parameters on the thermal 

performance of internally cooled dehumidifiers. Their results indicated that the humidity and 

enthalpy at the inlet had an essential impact on the mass transfer rate. 

 

1.3.3 Membrane Liquid Desiccant Dehumidifier 

The main drawbacks of liquid desiccant systems are the carryover of liquid droplets into 

the downstream sections of the equipment, which may cause damage to the equipment. Moreover, 

the carryover of desiccant into the indoor air affects the indoor air quality. 

The direct contact between air and the desiccant solution is the reason for the carryover, 

especially in the counter-flow desiccant system. More efficient design to reduce the phenomena of 

carryover is using a semi-permeable membrane to separate the desiccant from the air. This new 

design is called a liquid-to-air membrane energy exchanger (LAMEE) [34]. The membrane allows 

heat and selective mass transfer from the liquid to the air. Abdel-Salam et al. [34] investigated the 

performance of a liquid desiccant air conditioner using a membrane between the air and desiccant 

flows. It was found that the COP of LAMEE was higher than that of a typical liquid desiccant air 

conditioner, especially in highly humid weather. The optimum inlet temperature of desiccant to 

dehumidifier and regenerator was 15-20oC and 45-55oC, respectively.  
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Huang et al. [35] developed a cross-flow liquid desiccant air conditioner, which included 

a membrane energy exchanger, as illustrated in Figure 1-5. Both the liquid desiccant and air flows 

were considered as hydrodynamically fully developed and thermally developing. The numerical 

results showed a good agreement with experimental data from the literature.  

 

 
Figure 1-5. The structure of a liquid desiccant dehumidifier with a membrane energy exchanger [36] 

 
 

In 2011, Ge et al. [36] introduced a dedicated outdoor air conditioner (DOAC) that was 

adapted to a liquid desiccant system.  They used the TRNSYS [37] platform to predict the results. 

These indicated that the inlet temperature of the solution had a significant impact on the 

performance of the liquid desiccant air conditioner. 

Mahmud et al. [38] proposed a run-around membrane energy exchanger (RAMEE) for 

liquid desiccant. The exciting part of this model was the use of a cross-counter-flow configuration. 

The idea of cross-counter-flow is illustrated in Figure 1-6. The COP of the cross-counter-flow 

dehumidifier was higher than that of a counter-flow dehumidifier and lower than that of a 

crossflow dehumidifier. Different inlet flow rates and temperatures, as well as winter and summer 

operation conditions, were simulated.  
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Figure 1-6. Structure of a counter-cross-flow liquid to air membrane exchanger [38] 

 

1.3.4 Multistage Dehumidifier 

In a single dehumidifier, the heat and mass transfer rates decrease along the process.  Jiang 

et al. [39] noted that the heat and mass transfer performance could be improved if the dehumidifiers 

were arranged in series.  Higher COP values were obtained for a multistage dehumidifier than what 

is obtained with single-stage dehumidifiers. Li [40] analyzed a multistage dehumidifier and 

compared its performance with that of a single-stage dehumidifier at the same conditions, and 

concluded that while the multistage dehumidifier showed better performance, the single-stage 

dehumidifiers are affordable.  

Xiong et al. [41] developed a two-stage dehumidifier in which a CaCl2 solution first 

dehumidified the air, and the output air entered a second dehumidifier using a LiCl solution as the 

desiccant. Interestingly, the COP of the resulting cooling system was about three times higher than 

that of a single stage. Kumar et al. [42] analyzed another two-stage falling film dehumidifier and 
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compared its performance to that of a single one. The results showed that the two stages falling 

film dehumidifier has better performance in comparison with the single-stage system. 

 

1.4 Configuration of Flow 

Three configurations of flow are used in dehumidifiers: counter-flow, parallel-flow, and 

crossflow. Oberg et al. [43] analyzed the effects of the inlet mass flow rate, temperature and 

concentration on the performance of an adiabatic counter-flow liquid desiccant dehumidifier. It 

was concluded that the inlet liquid mass flow rate and air temperature have a limited impact on the 

heat and mass transfer rate.   

Liu et al. [44] proposed a numerical approach to predict the heat and mass transfer rates of 

an adiabatic dehumidifier in counter-flow and cross-flow configurations. The enthalpy and humid 

effectiveness are implemented as indexes to predict the performance of heat and mass transfer. 

The results were in good agreement with empirical results.  

Gandhidasan [45] developed a simple model for a packed bed adiabatic liquid desiccant 

dehumidifier. The results showed better performance for structured packing bed in comparison 

with random packing. The flow configuration was counter-flow, and LiCl was the desiccant.  

Park et al. [46] carried out a numerical and empirical study on a falling-film liquid desiccant 

dehumidifier. The air and triethylene glycol are in crossflow. The numerical model predicted 

results in good agreement with the experimental results. Hueffed et al. [47] modelled a parallel-

plate dehumidifier in which the air and desiccant are in cross-flow, and the water and desiccant are 

in counter-flow. The control volume approach predicted falling film thickness. The results were 

well-predicted in comparison with the experimental data. 
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Liu et al. [48] carried out an interesting study on an adiabatic cross-flow liquid desiccant 

system. The model was developed based on the NTU method, and the results were satisfactorily 

compared with around 300 experimental cases. 

Khan and Martinez [33] proposed a model to predict the COP of a parallel-flow internally 

cooled dehumidifier. The control volume method was used as the numerical approach, and LiCl 

was the desiccant solution. 

Liu et al. [49] carried out an internally-cooled absorber, investigating six different 

configurations for the dehumidifier. The counter-flow configuration gave the best performance, 

while the parallel-flow configuration had the most inferior performance.  

 

1.5 Numerical Model of a Liquid Desiccant System 

Numerical modelling allowed for a significant reduction in the cost of the analysis of liquid 

desiccant dehumidifiers. In particular, an extensive range of parameters could be investigated. The 

first numerical method is a finite difference model (FDM). Gandhidasan et al. [50] developed a 

steady-state FDM model of a liquid desiccant absorber in a packed tower, in which CaCl2 was the 

desiccant.   

An FDM model of a liquid desiccant dehumidifier was also created to analyze different 

conditions, including the inlet liquid to air flowrate ratio, air humidity, and solution concentration 

[51]. The results were in a good agreement with experimental results, and it was estimated that the 

pressure drop could be reduced by using a finer packing.  
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Rahamah et al. [52] proposed a new FDM model to calculate the coefficients of heat and 

mass transfer in a falling liquid desiccant film. Two different approaches were implemented to 

predict the temperature distribution on the fin surface: the analytical temperature distribution 

approach (the circular fin area is considered as the rectangular area) and finite difference algorithm 

for direct prediction of temperature distribution. Elsayed et al. [53] used the FDM approach to 

investigate the performance of two packed-bed dehumidifiers with CaCl2 as the desiccant, and 

analyzed the effects of different parameters, the inlet flow-rates and temperatures.  

Ali et al. [54] used central and backward FDM models to predict the heat and mass transfer 

in a cross-flow dehumidifier with ultra-fine copper particles. The stability of desiccant solution 

increased by the use of Cu-ultra fine particles and the performance increased significantly.  

Luo et al. [55] developed a dynamic 2D FDM model of a counter-flow liquid desiccant 

dehumidifier using the commercial CFD software Fluent. The authors investigated the effects of 

different parameters on the liquid film thickness. It was found that a lower effective interfacial 

area was correlated to a lower airflow rate. The study was extended to an internally cooled liquid 

desiccant dehumidifier. Instead of using a water flow, two different wall boundary conditions were 

used: uniform wall heat flux and uniform wall temperature. An increase of the inlet desiccant 

temperature resulted in an increase of the water vapour mass fraction in the air at the outlet.  

Another approach to predict the heat and mass transfer rate in a liquid desiccant 

dehumidifier is the effectiveness-number of transfer units (ε-NTU) approach. Khan et al. [56] 

developed a numerical model of a hybrid cooling absorber based on the ε-NTU approach. A 

parametric analysis was carried out to predict the optimum operating parameters. The performance 

of the dehumidifier showed little sensitivity to the inlet air mass flow rate.  
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Stevens et al. [57] mathematically modelled a packed bed liquid desiccant dehumidifier. 

The model was based on the ε-NTU model, and the results were compared with those of an FDM 

model.  

Xiao et al. [58] investigated the performance of a liquid desiccant dehumidifier in which 

LiCl was the solution. The dehumidifier used a dedicated outdoor air system and a membrane heat 

exchanger. A TRNSYS simulation validated the results predicted by the ε-NTU approach.  

Zhang [59] computed the performance of a membrane-based liquid desiccant exchanger. 

The air and liquid desiccant flows were in crossflow, laminar and fully developed. The ε-NTU 

model results showed a good agreement with experimental results.  

Liang et al. [60] proposed an experimental and numerical study of a membrane-based 

liquid desiccant ventilation. The effects of different parameters, including inlet mass flow rates 

and temperatures, were evaluated. A COP of 6.8 was predicted for this novel ventilation system 

under nominal operating conditions.  

The last and least used approach to compute the performance of a liquid desiccant system 

is the algebraic method. Khan [61] developed a two-stage packed bed liquid desiccant absorber 

model using a simplified algebraic method. This model is helpful when several dehumidifiers and 

regenerators are in series. Khan [62] predicted the performance of a hybrid liquid desiccant system 

using an algebraic approach. The sensitivity of two crucial output variables, enthalpy and 

humidity, were discussed. The results showed a good agreement with literature results.  

Among all the methods of predicting the rate of heat and mass transfer between the air and 

desiccant solution, the finite difference method is the most cost-effective, with results that are close 

to the experimental results.  
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1.6 Liquid Solution 

The main factor in transferring mass between the liquid desiccant and air in a dehumidifier 

is the interface vapour pressure. Therefore, the primary criterion in choosing a desiccant solution 

is the equilibrium vapour pressure [63]. Other selection criteria include viscosity, stability, odour, 

toxicity, and cost. 

Lithium chloride (LiCl), calcium chloride (CaCl2), lithium bromide (LiBr), triethylene 

glycol are the most common liquid solutions used. The equilibrium vapour pressure of glycol is 

significantly lower. Thus glycol is considered to be too unstable for practical use in this application 

[64]. 

LiCl reduces the relative humidity of 15% compared to other halide salts. The stability of 

LiCl is high, and its viscosity is low.  However, halide salts like LiCl and LiBr are expensive and 

are corrosive [65]. 

On the other hand, calcium chloride (CaCl2) is significantly less expensive than halide salts, 

but the equilibrium vapour pressure is subject to the inlet conditions like mass flow rate [66, 67].  

To improve the performance of dehumidifiers, some composite desiccant materials have 

been developed. For example, a composite material made of silica gel and inorganic salt was 

presented by Aristov et al. [68] and is characterized by its capacity to desorb the absorbed water 

vapour at low temperatures. Their results showed a better performance than pure materials.  

CaCl2 is cheaper but less stable than LiCl. Combining the benefits of both materials, a new 

low-cost composite material with LiCl and CaCl2 was proposed by Ertas et al. [69]. A half-half 

composition showed the same properties as LiCl, but at a lower cost. 
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1.7 Research Objectives and Approach 

The objective of the present research is to conduct a numerical analysis of the performance 

of a water-LiCl liquid desiccant air conditioner. A 2D finite-volume model of a flat-plate 

dehumidifier was created in ANSYS-Fluent. The heat and mass transfer in the air flow, within the 

liquid solution, and across the interface were calculated and discussed for adiabatic and internally 

cooled dehumidifiers, both in the parallel flow and counter flow arrangements. A detailed 

parametric study is also presented for the main conditions. 

In Chapter 1, the background of the research and the need for a liquid desiccant solution is 

explained, and a thorough literature review is presented. In Chapter 2, the fundamental governing 

equations are presented. These include the momentum, energy and species conservation equations, 

as well as the material property correlations. Chapter 3 is dedicated to the numerical model and 

setup. A mesh sensitivity analysis and a formal validation by comparison with data from the 

literature are presented in this chapter. The results for condensation in parallel-flow and counter-

flow water and air systems with an internally cooled wall are presented. The case of a counter-

flow conditioner with an adiabatic wall is presented in Chapter 4. Finally, conclusions and 

recommendations for future work are presented in Chapter 5. 
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Chapter 2 

Analysis 

In this chapter, the fundamental governing equations of the heat and mass transfer in the 

liquid and air phases will be presented, together with the interface equilibrium conditions. The 

properties for both the gas and liquid phases are assumed to vary with temperature and solution 

concentration. Therefore, the applicable property correlations are also presented below.  

 

2.1 Fundamental Equations for the Gas Flow 

The analysis is based on laminar mixed convection channel flow in all cases. The heat and 

mass transfer and buoyancy effects are considered in the equations. The properties are varied 

depending on their temperature and concentration. To simplify the analysis, radiation heat transfer, 

viscous dissipation and other secondary effect were not considered.  

The two-dimensional conservation continuity equation of gas flow is given as [70]: 

 

 1
ρ𝑎𝑎
�
𝜕𝜕(ρ𝑎𝑎𝛼𝛼𝑎𝑎)

∂t
+ 𝛻𝛻. (ρ𝑎𝑎𝛼𝛼𝑎𝑎𝑢𝑢�⃗ 𝑎𝑎)� = 0 2-1 

 

where ρ𝑎𝑎 ,𝛼𝛼𝑎𝑎 , and 𝑢𝑢�⃗ 𝑎𝑎are the density, volume fraction of gas, and velocity, respectively.  

The momentum equation is [31, 71]:  
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�
𝜕𝜕ρ𝑎𝑎𝑢𝑢�⃗ 𝑎𝑎
∂t

+ 𝛻𝛻. (ρ𝑎𝑎𝑢𝑢�⃗ 𝑎𝑎𝑢𝑢�⃗ 𝑎𝑎)� =  −𝛻𝛻𝛻𝛻 + 𝛻𝛻 �μ𝑎𝑎�𝛻𝛻𝑢𝑢�⃗ 𝑎𝑎 + 𝛻𝛻𝑢𝑢�⃗ 𝑎𝑎
𝑇𝑇��+ρ𝑎𝑎�⃗�𝑔    2-2 

 

In this equation, 𝛻𝛻, 𝜇𝜇 , and �⃗�𝑔 are local pressure, dynamic viscosity, and gravitational acceleration.  

Moreover, the energy (2.3) and species diffusion (2.4) equations, where the diffusion is 

that of water vapour into the air, are [70]:  

 

 
�
𝜕𝜕�ρ𝑎𝑎𝑐𝑐𝑝𝑝,𝑎𝑎𝑇𝑇𝑎𝑎�

∂t
+ 𝛻𝛻. �𝑢𝑢�⃗ 𝑎𝑎�ρ𝑎𝑎𝑐𝑐𝑝𝑝,𝑎𝑎𝑇𝑇𝑎𝑎 + ρ𝑎𝑎���                            

=  𝛻𝛻 (k𝑎𝑎𝛻𝛻𝑇𝑇)+ρ𝑎𝑎𝐷𝐷𝑎𝑎�𝑐𝑐𝑝𝑝,𝑤𝑤𝑤𝑤 − 𝑐𝑐𝑝𝑝,𝑑𝑑𝑎𝑎�
𝜕𝜕𝑇𝑇𝑎𝑎
∂y

𝜕𝜕𝜕𝜕
∂y

       2-3 

 
�
𝜕𝜕ρ𝑎𝑎𝜕𝜕𝑎𝑎
∂t

+ 𝛻𝛻. (ρ𝑎𝑎𝜕𝜕𝑎𝑎𝑢𝑢�⃗ 𝑎𝑎)� = 𝛻𝛻 (ρ𝑎𝑎𝐷𝐷𝑎𝑎𝛻𝛻𝜕𝜕𝑎𝑎)   2-4 

 

where 𝑐𝑐𝑝𝑝, 𝑇𝑇, 𝑘𝑘 , and 𝜕𝜕 are the specific heat, temperature, thermal conductivity, and mass fraction 

of water vapour. The subscripts 𝑎𝑎, w𝑣𝑣, and 𝑑𝑑𝑎𝑎 are for humid air, water vapour and dry air. The 

buoyancy effects can be represented in equation (2.2) by rewriting the pressure gradient as 𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑

+

ρ0𝑎𝑎𝑔𝑔 which ρ0𝑎𝑎 is the density at the inlet to the channel. Hence, the buoyancy effect term is 

(𝜌𝜌𝑎𝑎 − 𝜌𝜌0𝑎𝑎)g [31, 71]. 
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2.2 Fundamental Equations for a Liquid Film 

The governing mass, momentum, energy and diffusivity equations for the liquid desiccant 

film are [70]: 

 

 1
ρ𝑙𝑙
�
𝜕𝜕(ρ𝑙𝑙𝛼𝛼𝑙𝑙)
∂t

+ 𝛻𝛻. (ρ𝑙𝑙𝛼𝛼𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙)� = 0 2-5 

 
�
𝜕𝜕ρ𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙
∂t

+ 𝛻𝛻. (ρ𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙)� =  −𝛻𝛻𝛻𝛻 + 𝛻𝛻 �μ𝑙𝑙�𝛻𝛻𝑢𝑢�⃗ 𝑙𝑙 + 𝛻𝛻𝑢𝑢�⃗ 𝑙𝑙
𝑇𝑇��+ρ𝑙𝑙�⃗�𝑔  2-6 

 
�
𝜕𝜕�ρ𝑙𝑙𝑐𝑐𝑝𝑝,𝑙𝑙𝑇𝑇𝑙𝑙�

∂t
+ 𝛻𝛻. �𝑢𝑢�⃗ 𝑙𝑙�ρ𝑙𝑙𝑐𝑐𝑝𝑝,𝑙𝑙𝑇𝑇𝑙𝑙 + ρ𝑙𝑙��� =  𝛻𝛻 (k𝑙𝑙𝛻𝛻𝑇𝑇)  2-7 

 
�
𝜕𝜕ρ𝑙𝑙𝜕𝜕𝑐𝑐𝑙𝑙
∂t

+ 𝛻𝛻. (ρ𝑙𝑙𝑐𝑐𝑙𝑙𝑢𝑢�⃗ 𝑙𝑙)� = 𝛻𝛻 (ρ𝑙𝑙𝐷𝐷𝑙𝑙𝛻𝛻𝑐𝑐𝑙𝑙)  2-8 

 

where subscript of 𝑙𝑙 refers to the liquid desiccant and the equations 2-5, 2-6, 2-7, 2-8 are mass, 

momentum, energy and concentration equations, respectively. It should be noted that if the 

solution is only water, the governing equations for the liquid film are simplified, i.e., the species 

term is dropped from the liquid side equations. 
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2.2.1 Interfacial Conditions 

The most important part of this study is the heat and mass transfer between the gas stream 

and liquid stream. Therefore, both flows should satisfy the interfacial matching conditions as 

outlined below [31, 71]. Therefore, the temperature and velocity at the interface were assumed to 

be equal, i.e., 

 

 𝑢𝑢𝑎𝑎,𝐼𝐼 = 𝑢𝑢𝑙𝑙,𝐼𝐼     2-9 

 𝑇𝑇𝑎𝑎,𝐼𝐼 = 𝑇𝑇𝑙𝑙,𝐼𝐼  2-10 

 

The shear stress between the liquid and air was given by: 

 

 
�𝜇𝜇
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
�
𝑎𝑎,𝐼𝐼

= �𝜇𝜇
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
�
𝑙𝑙,𝐼𝐼

   2-11 

 

and, the mass transfer between the air and liquid streams was based on considering the interface 

to be semi-permeable.  Therefore: 

 

 
𝑄𝑄𝑚𝑚 =  −  

𝜌𝜌𝑎𝑎𝐷𝐷𝑎𝑎
(1 − 𝜕𝜕𝐼𝐼)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

   2-12 
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where 𝜕𝜕𝐼𝐼 is the mass fraction of water vapour at the interface of the airstream:  

 

 𝜕𝜕𝐼𝐼 =
𝑀𝑀𝑤𝑤𝑤𝑤𝛻𝛻𝑤𝑤𝑤𝑤,𝐼𝐼

𝑀𝑀𝑎𝑎�𝛻𝛻 − 𝛻𝛻𝑤𝑤𝑤𝑤,𝐼𝐼� + 𝑀𝑀𝑤𝑤𝑤𝑤𝛻𝛻𝑤𝑤𝑤𝑤,𝐼𝐼
   2-13 

 

where 𝑀𝑀, 𝛻𝛻𝑤𝑤𝑤𝑤,𝐼𝐼, 𝛻𝛻 stands for molecular weight, the equilibrium vapour pressure at the interface, 

and total pressure, respectively.  

Ren et al. [72] proposed a simple equation for the mass fraction of water vapour at the 

interface as follows: 

 

 𝑚𝑚𝑚𝑚 = �𝑥𝑥0 + 𝑥𝑥1𝑇𝑇𝐼𝐼 + 𝑥𝑥2𝑇𝑇𝐼𝐼2 + 𝑥𝑥3𝑇𝑇𝐼𝐼3�/1000 2-14 

 
𝜕𝜕𝐼𝐼 =

𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚 + 1

 2-15 

 

where, 𝑥𝑥0 = −1.5616, 𝑥𝑥0 = 1.0396, 𝑥𝑥0 =  −0.0274, 𝑥𝑥0 = 0.0008. The above equation applies 

to cases where the temperature is between 288 K and 353 K. 

The energy balance at the interface was based on the following equation:  
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�−𝑘𝑘

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕
�
𝑙𝑙,𝐼𝐼

= �−𝑘𝑘
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕
�
𝑎𝑎,𝐼𝐼

+  𝑄𝑄𝑚𝑚ℎ𝑓𝑓𝑓𝑓 2-16 

 

where  ℎ𝑓𝑓𝑓𝑓 is the enthalpy of evaporation. 

It should be noted that the thermophysical properties are not constant, and they were 

assumed to vary with the temperature, concentration of liquid, and humidity of the air, as described 

in the following section. 

 

2.3 Fluids Properties Equations 

The properties of dry air depend on temperature, whereas the desiccant solution properties 

depend on temperature and concentration.  

For this analysis, dry air was considered to be an ideal gas. Therefore, the density of humid 

air was calculated according to ideal gas law, which is [70]: 

 

 𝜌𝜌 =  
𝛻𝛻𝑜𝑜𝑝𝑝 + 𝛻𝛻𝑎𝑎
𝑅𝑅
𝑀𝑀𝑇𝑇

      2-17 

 

where, 𝛻𝛻𝑜𝑜𝑝𝑝, 𝑅𝑅 and 𝑀𝑀 are operating pressure, universal gas constant, and molecular weight of the 

gas, respectively.  
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Thermal conductivity and viscosity of humid air were calculated based on mixing law, 

which is [70]: 

 𝜃𝜃 = �
𝑋𝑋𝑤𝑤𝑤𝑤𝜃𝜃𝑤𝑤𝑤𝑤

∑ 𝑋𝑋𝑤𝑤𝑤𝑤∅𝑎𝑎,𝑤𝑤𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤

   2-18 

 

where; 

 

 

∅𝑎𝑎,𝑤𝑤𝑤𝑤 =  
�1 + �𝜇𝜇𝑤𝑤𝑤𝑤𝜇𝜇𝑎𝑎

�
1
2� � 𝑀𝑀𝑎𝑎
𝑀𝑀𝑤𝑤𝑤𝑤

�
1
4�
�
2

�8 × �1 + 𝑀𝑀𝑎𝑎
𝑀𝑀𝑤𝑤𝑤𝑤

��
1
2�

     2-19 

 

where 𝑋𝑋𝑤𝑤𝑤𝑤 stand for a mole fraction of water vapour in the humid air. 𝜃𝜃𝑤𝑤𝑤𝑤 could be the thermal 

conductivity or viscosity. 

The specific heat capacity of humid air was computed based on the average mass fraction: 

 

 𝑐𝑐𝑝𝑝 = �𝑤𝑤
𝑤𝑤𝑤𝑤

𝑐𝑐𝑝𝑝,𝑤𝑤𝑤𝑤 2-20 
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As described above, the above equations were based on the mass fraction of water vapour 

in the humid air. Dry air and water vapour properties were based on temperature. The thermal 

conductivity, specific heat capacity, and viscosity of dry air were calculated as, respectively: 

 

 𝑘𝑘 =  𝑒𝑒0𝑇𝑇3 +  𝑒𝑒1𝑇𝑇2 +  𝑒𝑒2𝑇𝑇 + 𝑒𝑒4  2-21 

 𝑐𝑐𝑝𝑝  = 𝛾𝛾0𝑇𝑇7 + 𝛾𝛾1𝑇𝑇6 + 𝛾𝛾2𝑇𝑇5 + 𝛾𝛾3𝑇𝑇4 + 𝛾𝛾4𝑇𝑇3 + 𝛾𝛾5𝑇𝑇2 + 𝛾𝛾6𝑇𝑇 + 𝛾𝛾7 2-22 

 𝜇𝜇 = 𝜎𝜎0𝑇𝑇3 +  𝜎𝜎1𝑇𝑇2 +  𝜎𝜎2𝑇𝑇 + 𝜎𝜎3  2-23 

 

 

where the viscosity, thermal conductivity, and specific heat coefficients are given in Table 2-1 to 

Table 2-3, respectively. 

As the properties of water vapour were considered to vary, they are calculated according 

to fitted equations as [70]: 

 

 Φ = 𝛱𝛱0𝑇𝑇4 + 𝛱𝛱1𝑇𝑇3 + 𝛱𝛱2𝑇𝑇2 + 𝛱𝛱3𝑇𝑇 +  𝛱𝛱4 2-24 

 

where Φ stands for thermal conductivity, specific heat capacity, and viscosity of water vapour, the 

coefficients are presented in Table 2-4. 

Water properties were fitted to the following equations. 
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Density and thermal conductivity follow the same equation as: 

 

 𝛩𝛩 =  𝜍𝜍0𝑇𝑇3 + 𝜍𝜍1𝑇𝑇2 +  𝜍𝜍2𝑇𝑇 +  𝜍𝜍3 2-25 

 

Furthermore, viscosity was calculated according to:       

 

 𝜇𝜇 = 𝛶𝛶0𝑇𝑇5 + 𝛶𝛶1𝑇𝑇4 + 𝛶𝛶2𝑇𝑇3 + 𝛶𝛶3𝑇𝑇2 + 𝛶𝛶4𝑇𝑇 +  𝛶𝛶5   2-26 

 

Specific heat capacity was calculated from: 

 

 𝑐𝑐𝑝𝑝  = 𝜛𝜛0𝑇𝑇6 + 𝜛𝜛1𝑇𝑇5 + 𝜛𝜛2𝑇𝑇4 + 𝜛𝜛3𝑇𝑇3 + 𝜛𝜛4𝑇𝑇2 + 𝜛𝜛5𝑇𝑇 + 𝜛𝜛6 2-27 

 

where specific heat capacity, density and thermal conductivity, and viscosity coefficients are given 

in Table 2-7, respectively. 

Table 2-1. Air viscosity equation coefficients (eq. 2-23) 
 

 

𝜎𝜎0 5.42 x 10-15 

𝜎𝜎1 -2.53 x 10-11 

𝜎𝜎2 5.87 x 10-08 

𝜎𝜎3 2.80 x 10-06 
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Table 2-2. Air thermal conductivity equation coefficients (eq. 2-21) 

 

Table 2-3. Air specific heat capacity equation coefficients (eq. 2-22) 

 
 

Table 2-4. The water vapour properties equations coefficients (eq. 2-24) 

𝑒𝑒0 6.57 x 10-12 

𝑒𝑒1 -3.39 x 10-08 

𝑒𝑒2 9.43 x 10-05 

𝑒𝑒3 7.51 x 10-04 

𝛾𝛾0 -1.57 x 10-17 

𝛾𝛾1 6.54 x 10-14 

𝛾𝛾2 -1.11 x 10-10 

𝛾𝛾3 9.93 x 10-08 

𝛾𝛾4 -5.04 x 10-05 

𝛾𝛾5 1.49 x10-02 

𝛾𝛾6 -2.37 

𝛾𝛾7 1.16 x 1003 

 

 
Thermal Conductivity Specific Heat Viscosity 

𝛱𝛱0 6.17 x 10-16 -1.16 x 10-09 4.92 x 10-22 

𝛱𝛱1 6.88 x 10-05 3.21 x 10-06 3.20 x 10-16 

𝛱𝛱2 4.49 x 10-08 2.93 x 10-03 -5.39 x 10-12 

𝛱𝛱3 -9.10 x 10-12 1.60 4.69 x 10-08 

𝛱𝛱4 6.17 x 10-16 1.56 x 1003 -4.42 x 10-06 
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Table 2-5. Water specific heat capacity equation coefficients (eq. 2-27) 

 

Table 2-6. Water density and thermal conductivity equation coefficients (eq. 2-25) 

 

Table 2-7. Water viscosity equation coefficients (eq. 2-26) 

𝜛𝜛0 3.43 x 10-10 

𝜛𝜛1 -7.01 x 10-07 

𝜛𝜛2 5.97 x 10-04 

𝜛𝜛3 -2.72 x 10-01 

𝜛𝜛4 6.95 x 1001 

𝜛𝜛5 - 9.49 x 1003 

𝜛𝜛6 5.44 x 1005 

 Density Thermal Conductivity 

𝜍𝜍0 1.63 x 10-05 4.07 x 10-08 

𝜍𝜍1 1.93 x 10-02 -4.91 x 10-05 

𝜍𝜍2 6.95 2.01 x 10-2 

𝜍𝜍3 2.14 x 1002 -2.10 

Υ0 -3.78 x 10-13 

Υ1 6.42 x 10-10 

Υ2 -4.37 x 10-07 

Υ3 1.49 x 10-4 

Υ4 -2.54 x 10-2 

Υ5 1.74 
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Conde [73] studied the properties of lithium chloride and calcium chloride. Properties were 

calculated based on the concentration, water properties and temperature. Therefore, the density of 

lithium chloride solution is given as: 

 

 
𝜌𝜌 = 𝜌𝜌𝑤𝑤𝑎𝑎(𝑇𝑇)�𝑞𝑞𝑖𝑖

3

𝑖𝑖=0

�
𝐶𝐶

1 − 𝐶𝐶
�
𝑖𝑖

 2-28 

 

 

where 𝐶𝐶 and 𝜌𝜌𝑤𝑤𝑎𝑎(𝑇𝑇) stand for the concentration and the density of water at the required 

temperature, respectively. The values of 𝑞𝑞0, 𝑞𝑞1, 𝑞𝑞2, and 𝑞𝑞3 are 1.0, 0.540966, -0.303792, and 

0.100791, respectively.  

The thermal conductivity is proposed as follow: 

 

 𝑘𝑘 = 𝑘𝑘𝑤𝑤𝑎𝑎(𝑇𝑇)�𝜁𝜁𝑒𝑒𝑒𝑒𝛼𝛼𝑅𝑅� 2-29 

 

where, 𝜁𝜁𝑒𝑒𝑒𝑒 = 𝐶𝐶𝐶𝐶
𝑀𝑀

 and 𝛼𝛼𝑅𝑅 = 1.09 x 10−3 − (11.7882x 10−3𝐶𝐶).  

The specific thermal capacities of lithium chloride are presented as  

 

 𝑐𝑐𝑝𝑝 = 𝑐𝑐𝑝𝑝,𝑤𝑤𝑎𝑎(𝑇𝑇)( 1 − 𝑚𝑚1𝑚𝑚2) 2-30 
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where 

 

 𝐶𝐶 > 0.31 
 

𝑚𝑚1 = 𝐴𝐴0𝐶𝐶 + 𝐴𝐴1𝐶𝐶2 + 𝐴𝐴2𝐶𝐶3 
 

𝐶𝐶 ≤ 0.31 
 

𝑚𝑚1 = 𝐴𝐴3 + 𝐴𝐴4𝐶𝐶 2-31 

 

and  

 

 𝑚𝑚2 = 𝐴𝐴5Θ0.02 + 𝐴𝐴6Θ0.04 + 𝐴𝐴7Θ0.06 2-32 

 Θ =  
𝑇𝑇

228
− 1  2-33 

 

The coefficients are presented in Table 2-8. 

The diffusion coefficient of water into the solution of LiCl and diffusion coefficient of 

water vapour into the air are, respectively: 

 

 
𝐷𝐷𝑙𝑙 = 𝐷𝐷0 �1 − �1 + �

𝐶𝐶
0.52

�
−4.92

�
−0.56

�   2-34 
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 𝐷𝐷𝑤𝑤𝑤𝑤 = 1.87x10−10T2.072 2-35 

 

The above equations were applied to model water-air and liquid desiccant-air falling film. 

In the following chapter, the boundary conditions, mesh study, numerical setup will be discussed.  

 

Table 2-8. Coefficients of the equations of for the specific heat capacity of LiCl (eq. 2-30 
through 2-33) 

 
  

𝐴𝐴0 1.44 

𝐴𝐴1 -1.24 

𝐴𝐴2 -0.12 

𝐴𝐴3 0.13 

𝐴𝐴4 0.63 

𝐴𝐴5 5.85 x 1001 

𝐴𝐴6 -1.06 x 1002 

𝐴𝐴7 4.78 x 1001 
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Chapter 3 

Numerical Model 

The CFD approach was selected for this project as it is a way to evaluate and optimize the 

liquid desiccant air conditioner configuration before moving to physical experimentation. The 

present study was carried out using the ANSYS Workbench 19.1 [70] suite of programs. Fluent 

19.1 [70] is a commercial CFD software embedded in ANSYS Workbench 19.1, and that can solve 

different problems of fluid dynamics. In this chapter, the main setup to simulate a single 

dehumidifier channel in Fluent is presented. The geometry of the problem, meshing, boundary 

conditions, all user-defined functions, and the solver setup is explained. 

 

3.1 Geometry 

Design Modeler Workbench was used to generate the geometry of the model. The 

geometry was considered as a vertical parallel-plate, as shown in Figure 3-1, with a length of 2000 

mm and width of 20 mm. The ratio of the liquid inlet to the air inlet was 0.01. 

 

3.2 Mesh 

The vital step of a simulation is the mesh quality. The ANSYS Workbench was used to 

generate the mesh. Because the geometry is simple, quad cells [70] of face meshing were used to 

generate a uniform mesh. The highest and lowest number of elements are 52,500 and 296,000, 

respectively. 

Figure 3-2 shows the model discretization for the case of 134,000 elements. 
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3.3 Boundary Conditions 

Different types of boundary conditions were used in this study. In the water-air model, the 

water flows down over the left wall, and the right wall is dry.  

For the case of the liquid desiccant-air model, the boundary conditions at the channel walls 

were specified as outlined below:  

a) the left wall was modelled as having either a uniform heat flux boundary, or a uniform temperature 

boundary, and the right wall was specified as a symmetry plane; or, 

b) the left wall was modelled as having an adiabatic boundary, and the right wall is the same as (a).  

For the above cases, both parallel-flow (the same flow arrangement as the water-air case), Figure 

3-3 (a), (b)), and counter-flow (Figure 3-3 (c), (d)) were evaluated.  

  No-slip shear conditions were considered for walls. The liquid and gas streams are considered 

uniform and developing flows.  

 

3.4 Solver 

ANSYS Fluent provides many options to solve convective heat and mass transfer 

problems. For this study, the partial differential equations were solved in Fluent by the finite 

volume method.  

The first step to start modelling the dehumidifier channel is understanding the flow regime. 

In this study, the Reynolds number, which can be calculated by equation 3.1, was less than 2000 

for air and 1500 for the liquid in all cases studied; thus, the flow regimes were considered to be 

laminar.  
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 𝑅𝑅𝑒𝑒 =
4𝛤𝛤
𝜇𝜇

 3-1 

 

where 𝛤𝛤 is a mass flow rate through the channel per unit of channel depth (i.e., 1 m in this case). 

The liquid desiccant solution and humid air are multicomponent fluids, which consisted of 

a water-halide salt solution, and a humid air stream consisting of dry-air and water-vapour, 

respectively. To model these fluids, the species-transport model in Fluent was used. 

A second-order discretizing method was used for momentum, density, energy, and mass 

fraction to increase accuracy. A coupled method was adopted to solve the conservation equations.  

The gradient equations were discretized by the Green-Gauss Node Based method, which 

was considered to be more accurate than the other two methods provided by Fluent. Due to the 

presence of gravity, the Body Force Weighted method was used for pressure discretization. The 

absolute convergence criteria for each simulation was 10-4. 

 

Figure 3-1. a) overall view of model b) Zoom in view of geomtry 

(a) (b) 
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Figure 3-3. a) Adiabatic parallel-flow water-air model, b) Internally cooled parallel-flow liquid 
desiccant-air, c) Internally cooled counter-flow liquid desiccant-air, d) Adiabatic counter-flow 

liquid desiccant-air 

Figure 3-2. Model discretization for the case of 134,000 elements 
 

(a) (b) 

(c) (d) 
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3.5 Multiphase Flow 

When the problem under study includes more than one phase, the multiphase option is used as the 

solver. In this study, the two phases present are the gas and liquid phases. The Fluent Euler-Euler 

approach was used. It has three sub-model options associated with it as described below [70]. 

 

The Eulerian Model. 

The equations of each phase are solved separately in the Eulerian model. Due to the 

complexity of the solver, the Eulerian model restricts the number of secondary phases based on 

convergence and memory. Compressible and inviscid flows are not modelled.  

 

The Mixture Model. 

The mixture flow provides a model for the dispersed phases, such as bubbly flows, 

sedimentation, etc. This model can be modelled with absolute velocities to model a homogeneous 

multiphase flow. The mixture model is useful for non-Newtonian viscosity and is only available 

for the pressure-based solver. Continuity, momentum, energy equations are solved for the mixture, 

the volume fraction is solved for the secondary phase, and an algebraic equation for the relative 

velocities.  

 

The Volume of Fluid Model (VOF). 

  When two flows are immiscible and tracing the interface between the two fluids is 

crucial, the VOF model is the approach to be used. Interestingly, the momentum and energy 
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equations are shared by the two phases. This model is applicable for the jet breakup, e.g., the 

motion of a liquid after a dam break, with liquid-gas interface tracking. Same as the mixture model, 

only the pressure-based solver can be used, and only one phase can be an ideal gas. In this model, 

the volume fraction in a single volume element is defined as follows: 

 

 αg + αl = 1 3-2 

 

where αg represents the fraction of the element that is gas while αl is the volume fraction 

of the element that is liquid. In this study, for the interface between the liquid (αl =1) and gas (αg 

=1) phases, was an element of both phases present. As a component of the numerical solution, the 

volume fraction of this interface element is determined.   

The fluid properties in the VOF model are calculated according to:  

 

 ∅ = αg∅g + αl∅l 3-3 

 

where ∅g and ∅l are the gas and liquid properties, e.g., density, thermal conductivity, etc.  

 
The momentum equation at the interface is given as: 
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 ∂
∂t

(φu�⃗ ) + ∇. (φ𝑢𝑢�⃗ 𝑢𝑢�⃗ ) = −∇p + ∇. �μ(∇𝑢𝑢�⃗ )� + φg�⃗   3-4 

 

The energy equation is given as: 

 

 ∂
∂t

(φE) + ∇. �v�⃗ (φE + p)� = ∇. �k(∇T)� + ṁIhfg   3-5 

 

where  

 

 
E =

∑ αgρgcp,g 𝑇𝑇n
q=1

∑ αgρgn
q=1

  3-6 

 

The VOF model was used to model the liquid desiccant system because the solution and 

air are two immiscible flows, and locating the interface is vital in this study.  

 
3.6 User-Defined Function (UDF). 

Fluent has the option for the user to write a “user-defined function” as a subroutine written 

in the C-code computer language. A UDF is a function that is interpreted or compiled by Fluent to 

increase the ability of the solver. Different types of functions are available as a UDF. Figure 3-4 

shows the main approach to solve the problem with user-defined functions. 
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In this study, two different functions were used:  

 

User-Defined Adjust.                                                                                                                        

This function is a macro to adjust or modify variables to customize the solver. In this case, 

a saturated water vapour mass-fraction at the interface of the liquid and gas is specified in Fluent. 

 

User-Defined Mass Transfer. 

This option is available when the flow has more than one phase. This function affects the 

energy and momentum equation by a source term. 

The above functions are presented in Appendix A.  

 

 

Figure 3-4. Fluent solver approach [74] 
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3.7 Grid Sensitivity 

A numerical model should be checked for grid independence. The accuracy depends on the number 

of elements used by the user. On the other hand, if the number of elements is too high, the 

simulation can be overly time-consuming and not affordable. Consequently, grid independence 

was tested for four different cases (given as # of elements in y-direction × # of elements in x-

direction for the air and liquid layers, respectively), i.e., 1500 × (30 + 5);  2000 × (60 +

7);  3000 × (70 + 9);  and 4000 × (60 + 14).  

The results of the grid-independent tests are presented in Table 3-1 and Table 3-2. The 

average difference between the results of the local mass transfer rate and sensible heat transfer rate 

for grids configuration ranging from 2000 × (60 + 7) to 4000 × (60 + 14) were always less than 

6%. Consequently, further results were calculated with the 2000 × (60 + 7) for high accuracy 

and low computational time.  

The results are based on the water and air model in which the velocity and temperature of 

air and water are 0.8 m/s, 293 K, 0.1 m/s, and 323 K at the inlet. For the liquid desiccant 

configuration, the same tests were performed, and it was observed that the difference between the 

results for the different grids tested was less than 4%. Therefore, the same 2000 × (60 + 7) grid 

was deemed satisfactory.  
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Table 3-1. Comparison of local interfacial mass transfer, latent heat transfer, and sensible heat 
transfer for various mesh densities and vl0 = 0.1 m

s
, vg0 = 0.8 m

s
, Tl0 = 323 K Tg0 = 293 K. 

 
Table 3-2. Comparison of local interfacial mass transfer, latent heat transfer, and sensible heat 
transfer for various mesh densities and vl0 = 0.1 m

s
, vg0 = 0.8 m

s
, Tl0 = 323 K Tg0 = 293.15 K. 

Number of 
Elements 1500 x (30+5) 2000 x (60+7) 

y/w 
𝑸𝑸𝒎𝒎 

[kg/ m2 s] 

𝐪𝐪𝒍𝒍 

[W/m2] 

𝐪𝐪𝒔𝒔 

[W/m2] 

𝑸𝑸𝒎𝒎 

[kg/ m2s] 

𝐪𝐪𝒍𝒍 

[W/m2] 

𝐪𝐪𝒔𝒔 

[W/m2] 

5 2.604E-4 5.470E+02 1.008E+02 2.248E-04 5.490E+02 9.896E+01 

15 1.654E-04 3.857E+02 7.427E+01 1.684E-04 4.112E+02 7.017E+01 

25 1.274E-04 3.080E+02 5.558E+01 1.346E-04 3.286E+02 5.915E+01 

37.5 1.150E-04 2.501E+02 4.908E+01 1.012E-04 2.471E+02 4.744E+01 

50 9.431E-05 2.117E+02 4.132E+01 9.151E-05 2.234E+02 4.010E+01 

60 8.308E-05 1.883E+02 3.733E+01 8.015E-05 1.957E+02 3.616E+01 

85 7.024E-05 1.616E+02 3.267E+01 6.746E-05 1.647E+02 3.159E+01 

95 6.360E-05 1.473E+02 3.012E+01 6.106E-05 1.491E+02 2.903E+01 

Number of 
Elements 3000 x (70+9) 4000 x (14+60) 

y/w 
𝑸𝑸𝒎𝒎 

[kg/ m2s] 

𝐪𝐪𝒍𝒍 

[W/m2] 

𝐪𝐪𝒔𝒔 

[W/m2] 

𝑸𝑸𝒎𝒎 

[kg/ m2s] 

𝐪𝐪𝒍𝒍 

[W/m2] 

𝐪𝐪𝒔𝒔 

[W/m2] 

5 2.307E-04 5.634E+02 9.551E+01 2.231E-04 5.448E+02 9.817E+01 

15 1.627E-04 3.972E+02 7.016E+01 1.593E-04 3.891E+02 6.814E+01 

25 1.241E-04 3.030E+02 5.982E+01 1.312E-04 3.202E+02 5.731E+01 

37.5 1.127E-04 2.751E+02 4.695E+01 9.661E-05 2.359E+02 4.908E+01 

50 9.277E-05 2.265E+02 3.993E+01 9.560E-05 2.334E+02 4.238E+01 

60 8.152E-05 1.990E+02 3.589E+01 8.337E-05 2.036E+02 3.814E+01 

85 6.899E-05 1.685E+02 3.114E+01 6.987E-05 1.706E+02 3.292E+01 

95 6.253E-05 1.527E+02 2.879E+01 6.195E-05 1.513E+02 3.003E+01 
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3.8 Model Validation 

To further validate the model and implementation, a comparison between the calculated 

results and those of Feddaoui et al. [71] was performed. As can be seen in Figure 3-5 and Figure 

3-6, the calculated results for the local mass and sensible heat transfer rates are in good agreement 

with those of Feddaoui et al.  [71]. The differences are less than 4% and 3%, respectively, for the 

mass transfer rate and sensible heat transfer rates.  

When comparing these results, it was assumed that the differences shown in Figure 3-5 and 

Figure 3-6 are within the numerical uncertainty associated with typical CFD solutions. Although 

no standard method for evaluating numerical uncertainty accepted by the CFD community, there 

are numerous methods and techniques available e.g. Groves et al [75].  

 

 

 
Figure 3-5. Comparison of local mass transfer rate along channel for 𝑣𝑣𝑙𝑙0 = 0.1 𝑚𝑚

𝑠𝑠
, 𝑣𝑣𝑓𝑓0 = 0.8𝑚𝑚

𝑠𝑠
, 

𝑇𝑇𝑙𝑙0 = 323 𝐾𝐾, 𝑇𝑇𝑓𝑓0 = 293 𝐾𝐾 as a function of mesh density. 
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Figure 3-6. Comparison of local sensible heat transfer along channel for 𝑣𝑣𝑙𝑙0 = 0.1𝑚𝑚

𝑠𝑠
, 𝑣𝑣𝑓𝑓0 =

0.8 𝑚𝑚
𝑠𝑠

, 𝑇𝑇𝑙𝑙0 = 323 𝐾𝐾, 𝑇𝑇𝑓𝑓0 = 293 𝐾𝐾 as a function of mesh density.
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Chapter 4 

Results 

In this chapter, results are presented for two different arrangements. First, the model 

developed in Chapter 3 was used to calculate the momentum, heat and mass transfer for the initial 

case of a parallel-flow, air and liquid water system. For the second case, the water was replaced 

by a LiCl liquid desiccant solution.  In both cases, the effects of different operating parameters 

such as inlet temperature, velocity and relative humidity on the momentum, heat and mass 

transport phenomena are discussed. Both uniform heat flux and uniform wall temperature 

boundary conditions were investigated for the internally cooled liquid desiccant dehumidifier. 

Finally, the case of a counter-flow, internally cooled, a liquid desiccant dehumidifier is presented 

and compared with a counter-flow, adiabatic, liquid desiccant dehumidifier. The effects of 

different parameters, e.g., mass flow rates, temperature, etc. were investigated for all cases and the 

results are presented in Appendix B. 

 

4.1 Air-Water Heat and Mass Exchanger (Adiabatic Case) 

The air and water, heat and mass exchanger, were modelled. The effects of different 

operating parameters were investigated for both configurations. The governing equations 

presented in Chapter 2 for the air and liquid desiccant configuration are also valid for the air and 

water system, with the only difference that there is no species diffusion in the latter case.  

In this section, the momentum, heat and mass transfer phenomena between the air and 

liquid water flows are investigated in the presence of condensation. For condensation to occur, the 
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mass fraction of water vapour in the airstream at the liquid-air interface must be higher than the 

saturation value of the liquid (corresponding to its local temperature). The different boundary 

conditions are presented in Table 4-1. 

 

Table 4-1. Boundary conditions for the air-water heat and mass exchanger with condensation 
(parallel-flow case). 

 

Figure 4-1 shows the development of the velocity profile along the channel (i.e., various 

y/w) for Case 1. The development of the velocity is seen to move from the uniform inlet 

distribution to a somewhat parabolic shape.  

The temperature profile related to Case 1 is presented in Figure 4-2 The temperature of 

water increases along the channel, which means that the direction of sensible heat is from the 

interface toward the liquid. 

Figure 4-3 shows that the corresponding mass fraction of water vapour in the airflow 

decreases along the channel. Comparing Figure 4-2 and Figure 4-3, it is observed that the 

temperature and mass fraction profiles have similar trends. Both profiles become more uniform 

towards the outlet of the channel.  

 𝒖𝒖𝒊𝒊,𝒍𝒍 

[m/s] 

𝒖𝒖𝒊𝒊,𝒂𝒂 

[m/s] 

𝑻𝑻𝒊𝒊,𝒍𝒍 

[K] 

𝑻𝑻𝒊𝒊,𝒂𝒂 

[K] 

𝝎𝝎𝒊𝒊 
[kgwv/kga] 

Case 1 0.10 0.80 298  313  3.90x10-2 

Case 2 0.10 0.40 298  313  3.90x10-2 

Case 3 0.10 0.80 288  313  3.90x10-2 

Case 4 0.20 0.80 298  313  3.90x10-2 
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Figure 4-2. Development of the temperature profile for Case 1 at various channel positions. 
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Figure 4-1. Development of the velocity profile for Case 1 at various channel positions. 
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Figure 4-3. Development of the mass fraction for Case 1 at various channel positions. 

 

A parametric analysis has been carried out for the condensation arrangement, and the 

results are presented in Figure 4-4 and Figure 4-5. A reduction of the water inlet temperature 

caused the difference between the air and water temperatures to increase. Subsequently, the 

sensible and latent heat transfer rates, as well as the mass transfer rate increased. The influence of 

the inlet water temperature was found to be significantly higher on the sensible heat transfer rate 

than on the mass transfer rate.  

Figure 4-4 shows that the increase in inlet water velocity significantly improved the mass 

transfer. The mass transfer rate was more sensitive to the inlet air flow rate, i.e., a decrease of the 

inlet air flow rate, caused the mass transfer rate to drop, whereas the sensible heat transfer rate was 

relatively independent of the air inlet velocity. 
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Figure 4-4. Development of the mass transfer rate along the channel for the cases defined in 

Table 4-2. 
 
 

 
Figure 4-5. Development of the sensible heat transfer rate along the channel for the cases defined 

in Table 4-2. 
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4.2 Parallel-Flow Internally Cooled Liquid Desiccant Dehumidifier  

In this type of dehumidifier, the desiccant is in contact with an internally cooled channel 

wall on the one side and air on the other side. Thus, the latent heat of condensation, absorbed by 

the liquid desiccant, is removed by the cooled wall. This arrangement helps to improve the 

performance of the dehumidifier by decreasing the temperature of the desiccant. Two different 

wall boundary conditions, a uniform wall heat flux and a uniform wall temperature, were 

considered in the analysis.  

 

4.2.1 Uniform Wall Temperature 

The outlet temperature and the water vapour, mass fraction in the airflow are presented in 

Table 4-2 for the different combinations of the operating parameters. When the wall temperature 

was increased from 303 K to 318 K, the outlet temperature of the air stream increased by only 2%, 

which is not significant. In fact, by decreasing the wall temperature, the condensation rate at the 

liquid-gas interface was significantly increased, with the production of latent heat, which reduced 

the cooling effect of the air stream. Interestingly, for the boundary condition, Case 1 (𝑇𝑇𝑤𝑤 = 283 K), 

the outlet temperature of the air was found to be lower than the inlet temperature of the liquid. In 

that case, the sensible cooling from the wall was more significant than the sensible cooling from 

the liquid and the heat dissipation due to the phase change at the interface.  

Figure 4-6 shows the variation of the interfacial mass transfer rate along the channel for 

the different boundary condition cases specified in Table 4-2. It is observed that a low wall 

temperature leads to an increase in the mass transfer rate along the channel. When the inlet 

temperature of the liquid desiccant is the same as the temperature of the wall (Case 3), the mass 
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transfer rate is uniform over most of the channel due to the fact that the difference between the air 

and liquid desiccant temperatures is almost constant along the channel.  

 

Table 4-2. Exit air temperature and humidity ratio for three uniform wall temperature boundary 
conditions. 

 �̇�𝒎𝒊𝒊𝒂𝒂 
[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 
[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 
[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 
[K] 

𝑻𝑻𝒘𝒘 
[K] 

𝝎𝝎𝒊𝒊𝒂𝒂 
[kgwv/kga] 

𝒄𝒄𝒊𝒊𝒍𝒍 
[kg/kg] 

𝝎𝝎𝒐𝒐𝒂𝒂 
[kgwv/kga] 

𝑻𝑻𝒐𝒐𝒂𝒂 
[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.60 1.33x10-3 296 

Case 2 1.25x10-2 7.00x10-3 308 298 293 2.00x10-2 0.60 1.73x10-3 300 

Case 3 1.25x10-2 7.00x10-3 308 298 298 2.00x10-2 0.60 1.97x10-3 303 
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Figure 4-6. Interfacial mass transfer rates for the boundary condition cases of Table 4-2.  
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4.2.2 Uniform Wall Heat Flux 

In this section, the cooling was achieved by prescribing a uniform, negative, heat flux at 

the wall in contact with the liquid desiccant solution. Cooling rates of 50 W/m2, 150 W/m2 and 

300 W/m2 were considered. The details of the different boundary conditions cases are summarized 

in Table 4-4. At the lowest cooling rate considered, the performance of the system was the poorest: 

the air exit temperature was relatively high, and the humidity ratio was high. The performance of 

the dehumidifier improved with an increase of the wall (negative) heat flux such that the outlet 

temperature of both phases decreased, and the humidity ratio of the air stream decreased. As well, 

the mass transfer increased between the air and the liquid desiccant. More specifically, an increase 

in the magnitude of the negative heat flux from 50 W/m2 to 300 W/m2 caused an 18% reduction 

in the mass fraction of water vapour in the airstream at the outlet of the dehumidifier.  

Comparing the results of Table 4-2 and Table 4-3, it can be seen that the performance of 

the dehumidifier with a uniform wall temperature of 298 K (Case 3 of Table 4-3) is about the 

same as that of the dehumidifier with a uniform heat removal rate of 50 W/m2 (Case 1 of Table 

4-4).  

Figure 4-7 and Figure 4-8 present the variation of the mass transfer rates at the interface of 

liquid desiccant and air along the channel for the different boundary condition combinations given 

in Table 4-4. When the cooling rate was low, the heat and mass transfer rates were uniform over 

most of the length of the dehumidifier. However, when the wall heat flux increased, both the heat 

and mass transfer rates were considerably high at the inlet, but gradually decreased along the 

channel.  
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Table 4-3. Exit air temperature and humidity ratio for different boundary conditions  

 

 

 

 
Figure 4-7. Development of the interfacial heat transfer rate along the channel for the different 

boundary conditions given in Table 4-3. 
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 �̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 
[K] 

�̇�𝒒𝒘𝒘 

[W/m2] 
𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 

𝒄𝒄𝒊𝒊𝒍𝒍 
[kg/kg] 

𝝎𝝎𝒐𝒐𝒂𝒂 
[kgwv/kga] 

𝑻𝑻𝒐𝒐𝒂𝒂 

[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 50 2.00x10-2 0.60 1.95 x10-3 303 

Case 2 1.25x10-2 7.00x10-3 308 298 150 2.00x10-2 0.60 1.80 x10-3 301 

Case 3 1.25x10-2 7.00x10-3 308 298 300 2.00x10-2 0.60 1.64 x10-3 298 
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Figure 4-8. Development of the mass transfer rate along the channel for the different boundary 

conditions given in Table 4-3. 
 

 
4.2.3 Parametric Study 

Table 4-5 summarizes different boundary condition combinations. The sensitivity of the 

performance of the dehumidifier to these boundary conditions is discussed in this section, noting 

that for all the cases investigated, the wall temperature was uniform and equal to 283 K.  The 

results on Table 4-5 indicate that the most influential parameters are the inlet mass flow rate and 

temperature of the liquid desiccant solution. As it can be seen from Figure 4-9, a direct relationship 

exists between the mass transfer rate at the interface and the air inlet temperature. In fact, it is clear 

that the heat and mass transfer rates are higher when the inlet air temperature is higher. The results 

show that the concentration of liquid desiccant has a significant effect on the mass transfer rate. 

This is because the low concentration of liquid desiccant constitutes a greater amount of water in 

the desiccant solution, resulting in less water vapour being absorbed by the desiccant.  
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Table 4-4 shows that the mass fraction of water vapour in the airstream at the exit of the 

dehumidifier was reduced by 15% when the inlet mass flow rate of the liquid desiccant solution 

was increased from 0.007 to 0.014. Figure 4-10 affirms that, of the various parameters, the inlet 

temperature of the liquid desiccant solution has the greatest impact on the heat transfer rate. Figure 

4-10 shows that the heat transfer rate is high when the inlet mass flow rate of the solution is high.  

 
Table 4-4. Exit air temperature and humidity ratio for different boundary conditions 

 
�̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 

[K] 

𝑻𝑻𝒘𝒘 

[K] 

𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 
𝒄𝒄𝒊𝒊𝒍𝒍 

[kg/kg] 
𝝎𝝎𝒐𝒐𝒂𝒂 

[kgwv/kga] 
𝑻𝑻𝒐𝒐𝒂𝒂 

[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.60 1.33x10-3 296 

Case 2 1.25x10-2 1.14x10-2 308 298 283 2.00x10-2 0.60 1.12 x10-3 296 

Case 3 1.25x10-2 7.00x10-3 308 288 283 2.00x10-2 0.60 1.20 x10-3 294 

Case 4 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.70 1.35 x10-3 297 

 
 

 
Figure 4-9. Development of the sensible heat transfer rate along the channel for the different 

boundary conditions given in Table 4-4. 
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Figure 4-10. Development of the mass transfer rate along the channel for the different boundary 

conditions given in Table 4-4 
 

4.3 Counter-flow Internally Cooled Liquid Desiccant Dehumidifier 

A dehumidifier in which the liquid solution and humid air are in counter-flow (Figure 3-3, C) 

was  modelled, and the results will be discussed in this section.  

 

4.3.1 Uniform Wall Temperature (Counter-Flow Case) 

First, the case where the liquid desiccant solution is in contact with the cold source 

represented by a wall at a uniform and constant temperature is considered. The results in Table 

4-5, for different boundary conditions cases, indicate the same trends for the overall performance 

metrics as for the parallel-flow configuration. In particular, a decrease of the cold wall temperature 
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Table 4-5. Exit air temperature and humidity ratio for different boundary conditions  

  

 

 
Figure 4-11.  Development of the mass transfer rate along the channel for the different boundary 

condition cases given in Table 4-5. 
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�̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 
[K] 

𝑻𝑻𝒘𝒘 

[K] 

𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 

𝒄𝒄𝒊𝒊𝒍𝒍 
[kg/kg] 

𝝎𝝎𝒐𝒐𝒂𝒂 

[kgwv/kga] 

𝑻𝑻𝒐𝒐𝒂𝒂 

[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.60 1.27x10-3 295 

Case 2 1.25x10-2 7.00x10-3 308 298 293 2.00x10-2 0.60 1.70x10-3 300 

Case 3 1.25x10-2 7.00x10-3 308 298 298 2.00x10-2 0.60 1.92x10-3 302 
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Figure 4-12. Development of the sensible heat transfer rate along the channel for the different 

boundary condition cases given in Table 4-5. 
 

Figure 4-11 and Figure 4-12 show the development of the mass and heat transfer rates at 

the interface between the liquid desiccant solution and the humid air. It should be noted that the 

humid air enters from the bottom of the system, opposing the flow of the liquid desiccant solution. 

As a result, the heat and mass transfer rates are higher near the inlet of the air stream and outlet of 

liquid desiccant solution stream. A change of the wall temperature from 283K to 293K, i.e., from 

Case 1 to Case 2, leads to a doubling of the heat and mass transfer rates. 
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in a decrease of only 1 K in the outlet temperature of the air, however, when the heat flux was 

further increased to -300 W/m2, a decrease of 4 K was observed. The exit air temperature and water 

vapour, a mass fraction under different heat flux conditions are shown in Table 4-6. 

In the counter-flow dehumidifier configuration, the driving forces for the heat and mass 

transfer phenomena are higher at the entrance than at the outlet.  

Comparing the wall boundary conditions, the uniform wall temperature case allowed for 

better control of the interface temperature and the corresponding air outlet temperature; however, 

the wall heat transfer rate decreases along the duct. On the other hand, greater mass transfer can 

be achieved with the uniform heat flux case by increasing its magnitude.  This effect is more 

significant in the case of long channels.  

 

Table 4-6. Exit air temperature and humidity ratio for different boundary conditions  
 

 

4.3.3 Parametric Study (Counter-Flow Case) 

Table 4-8 summarises the overall performance characteristics of the counter-flow 

dehumidifier for different boundary condition combinations. As expected, the performance of the 

dehumidifier improves when the inlet temperature of the liquid desiccant solution decreases. More 

 
�̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 

[K] 

�̇�𝒒𝒘𝒘 

[W/m2] 

𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 
𝒄𝒄𝒊𝒊𝒍𝒍 

[kg/kg] 
𝝎𝝎𝒐𝒐𝒂𝒂 

[kgwv/kga] 
𝑻𝑻𝒐𝒐𝒂𝒂 

[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 50 2.00x10-2 0.60 1.78 x10-3 301 

Case 2 1.25x10-2 7.00x10-3 308 298 150 2.00x10-2 0.60 1.64 x10-3 300 

Case 3 1.25x10-2 7.00x10-3 308 298 300 2.00x10-2 0.60 1.50 x10-3 297 
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specifically, Table 4-7 shows that the mass fraction of water vapour in the air leaving the 

dehumidifier decreases by 9.7% when the inlet temperature of the liquid desiccant was lowered 

from 298 K to 288 K. Alternatively, an increase of the inlet mass flow rate of the liquid desiccant 

positively impacts the performance of the dehumidifier, causing a decrease of the outlet 

temperature and humidity ratio of the airflow. These qualitative trends are similar to those 

observed with the parallel-flow configuration. By comparison between Table 4-4 and Table 4-7, 

the average air-temperature and mass fraction for different boundary condition cases were reduced 

from 0.5% and 0.05%, respectively.  

 

Table 4-7. Exit air temperature and humidity ratio for different boundary conditions 

 

4.3.4 Adiabatic Dehumidifier (Counter-Flow Case) 

In this section, the performance of an internally cooled dehumidifier is compared to a 

dehumidifier with an adiabatic (i.e., zero heat flux) wall condition.  

Table 4-8 shows the different boundary condition cases considered. As indicated, the mass 

transfer is significantly higher for the uniform wall temperature case, as compared to, the other 

counter-flow conditions. However, the mass transfer rate at the air entrance for the adiabatic wall 

 
�̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 

[K] 

𝑻𝑻𝒘𝒘 

[K] 

𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 
𝒄𝒄𝒊𝒊𝒍𝒍 

[kg/kg] 
𝝎𝝎𝒐𝒐𝒂𝒂 

[kgwv/kga] 
𝑻𝑻𝒐𝒐𝒂𝒂 

[K] 

Case 1 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.60 1.27 x10-3 295 

Case 2 1.25x10-2 7.00x10-3 308 288 283 2.00x10-2 0.60 1.15 x10-3 292 

Case 3 1.25x10-2 1.14x10-2 308 298 283 2.00x10-2 0.60 1.07 x10-3 294 

Case 4 1.25x10-2 7.00x10-3 308 298 283 2.00x10-2 0.70 1.29 x10-3 295 
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condition is higher than the case with low uniform heat flux.  Increasing the heat flux significantly 

may increase the power requirements.   

It can be seen from Figure 4-14 that the wall boundary conditions have a considerable 

effect on the heat transfer performance. For example, the sensible heat transfer rates for a 

dehumidifier with internally cooled walls are considerably higher than those with adiabatic walls.  

When comparing the various configurations, the counter-flow case with uniform wall 

temperature is seen to perform the best. 

  

Table 4-8. Boundary conditions of the liquid desiccant dehumidifier 

 

 

 
 

 

 
�̇�𝒎𝒊𝒊𝒂𝒂 

[kg/s] 

�̇�𝒎𝒊𝒊𝒍𝒍 

[kg/s] 

𝑻𝑻𝒊𝒊𝒂𝒂 

[K] 

𝑻𝑻𝒊𝒊𝒍𝒍 

[K] 
Wall 

Condition 
𝝎𝝎𝒊𝒊𝒂𝒂 

[kgwv/kga] 
𝒄𝒄𝒊𝒊𝒍𝒍 

[kg/kg] 

Case 1 1.25x10-2 7.00x10-3 308 298 283 [K] 2.00x10-2 0.60 

Case 2 1.25x10-2 7.00x10-3 308 298 Adiabatic 2.00x10-2 0.60 

Case 3 1.25x10-2 7.00x10-3 308 298 300 
[W/m2] 2.00x10-2 0.60 
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Figure 4-13. Development of the mass transfer rate along the channel for the different wall 

boundary conditions given in Table 4-8, (counter-flow cases). 
  

 
Figure 4-14. Development of the sensible heat transfer rate along the channel for the different 

boundary conditions given in Table 4-8, (counter-flow cases). 
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Chapter 5 

Conclusions 

5.1 Conclusions 

In this study, a CFD model of a dehumidifier was developed and compared with results 

taken from previous studies.  The heat and mass transfer between water and air in an adiabatic, 

vertical, parallel-plate dehumidifier channel were initially analyzed. The effects of the inlet mass 

flow rates, temperatures and air humidity ratio on the heat and mass transfer were investigated. In 

the following sections, three different models were developed for a water/lithium-chloride 

desiccant solution dehumidifier, i.e., internally cooled, parallel-flow and counter-flow cases, and 

an adiabatic counter-flow case. A parametric study was performed for each model to investigate 

the effects of different parameters, including the inlet mass flow rates, solution concentrations and 

temperatures on the heat and mass transfer rates. The following conclusions can be taken from the 

results of this analysis.:  

• In all cases, the inlet mass flow rate of the liquid has a considerable effect on the heat and 

mass transfer rates, that is, an increase in mass flow rate improves the performance of the 

dehumidifier.  

• In all cases, the inlet temperature of the liquid is an essential parameter for the mass and 

heat transfer rate, i.e., as the difference between the liquid and air temperature increases, 

the driving force for mass and heat transfer increases.  
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• The parametric study indicated the best performance was achieved for the internally cooled 

(isothermal) case; however, for long channels, a uniform heat flux boundary condition may 

be better.  

• Dehumidifiers with internally cooled walls (e.g., the constant temperature or constant heat 

flux) perform better than dehumidifiers with adiabatic walls.  

5.2 Recommendation and Future Work 

Regarding the models and results, the following recommendations are made: 

• The results of this study may have applications in the design of a more effective heat and 

mass, energy recovery ventilator (ERV) system. This should be studied in follow-on 

studies. 

•  An advantage of liquid desiccant systems is that the concentrated solution can be stored 

for later use and can be regenerated by the addition of low-grade heat. The current CFD 

model should be used to optimize the configuration of a regenerator.   

• A model can be developed, which also includes a secondary flow located the backside of 

the wall and should be compared to the results obtained from this study for the uniform 

heat flux and uniform temperature cases. 
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Appendix A                                                                                                                    

Computer Code for Mass Transfer Rate 

In order to calculate the mass and heat transfer rate between the liquid and air, a computer 

code based on C was written and implemented to operate with Fluent 19.1. Following is a copy of 

the computer code: 

# include "UDF.h" 
# include "mem.h" 
# define domain_ID 2 
# define a0 -1.5616 
# define a1 1.0396 
# define a2 -0.0274 
# define a3 0.0008 
 
DEFINE_ADJUST(adjust_gradient, domain) 
{ 
  Thread *t; 
  cell_t c; 
  real T1; 
  real W; 
  domain = Get_Domain(domain_ID); 
  thread_loop_c (t,domain) 
    { 
       begin_c_loop (c,t) 
         {  
if(C_VOF(c,t)!=1. && C_VOF(c,t)!=0.){ 
        
 T1 = (C_T(c,t)-273.15); 
       
  W = a0+(a1*T1)+(a2*(pow(T1,2)))+(a3*(pow(T1,3))); 
       
  C_YI(c,t,0) =W/(W+1000);} 
 
         } 
       end_c_loop (c,t) 
    } 
} 



 

71 

 

 
DEFINE_MASS_TRANSFER(liq_gas_source, cell, thread, from_index, 
  from_species_index, to_index, to_species_index) 
  {  
    Thread *gas = THREAD_SUB_THREAD(thread, to_index); 
    Thread *liq = THREAD_SUB_THREAD(thread, from_index); 
    real m_lg; 
    real DS; 
    real temp = C_T(cell,gas); 
 
    DS = (2.1249134150E-14*(pow(temp,3))) + (2.9424106560E-10*(pow(temp,2))) -      
(7.0132808589E-09*temp) + 4.2526994969E-07; 
    
 if(C_VOF(cell,gas)<1. && C_VOF(cell,gas)>0.){ 
    
 m_lg = -(DS*C_R(cell,gas)/(1-C_YI(cell,gas,0)))*C_YI_G(cell,gas,0)[0]; 
     
return (m_lg);} 
    else{ 
    m_lg = 0; 
    return (m_lg);} 
  } 
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Appendix B                                                                                                             
Parametric Study  

The results presented in Chapter 4 were only a summary of the parametric study. The 

following results are the parametric study for different cases:  

B.1 Condensation Parametric Study 

 

𝑣𝑣 𝑖𝑖,𝑙𝑙= 0.2 m/s2𝑣𝑣 𝑖𝑖,𝑙𝑙= 0.1 m/s2

𝑣𝑣 𝑖𝑖,𝑙𝑙= 0.05 m/s2
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Figure B-1. Development of the mass transfer rate along the channel for different inlet 
water mass flow rate 

Figure B-2. Development of the mass transfer rate along the channel for different inlet water 
temperature 
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B.2 Parallel Flow Parametric Study 
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Figure B-3. Development of the mass transfer rate along the channel for different inlet air mass 
flow rate 

Figure B-4. Development of the mass transfer rate along the channel for different inlet desiccant 
mass flow rate 
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Figure B-5. Development of the mass transfer rate along the channel for different inlet desiccant 
temperature 

Figure B-6. Development of the mass transfer rate along the channel for different inlet desiccant 
concentration 
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B.3 Counter-Flow Parametric Study 
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Figure B-7. Development of the mass transfer rate along the channel for different inlet 
desiccant mass flow rate 

Figure B-8. Development of the mass transfer rate along the channel for different inlet desiccant 
temperature 
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Figure B-9. Development of the mass transfer rate along the channel for different inlet desiccant 
concentration 
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